For an aqueous suspension of poly (methyl methacrylate-co-styrene) (MS) particles, viscosity η and small-angle neutron scattering (SANS) intensity I(q) were measured under steady shear. The MS particles had partially screened surface charges. In the quiescent state, the particle distribution detected through the I(q) profile was isotropic and essentially liquid-like but also exhibited a weak, local order. Under steady shear, this distribution was distorted just moderately, and the η strongly decreased with increasing shear rate γ
INTRODCTION
Coating materials are often supplied in a form of suspensions of solid particles. A requirement of protecting natural environment encourages the use of water as the suspending medium. Considering this requirement, we recently focused on rheological properties of aqueous suspensions of poly(methyl methacrylate-co-styrene) (MS) particles, [1] [2] [3] the model material for aqueous inks.
The MS particles, obtained from emulsion polymerization, had negative surface charges that were partially screened with the coexisting salt (added in the polymerization batch). The electric double layer (electrostatic shell) due to these charges behaved as an additional shell of the MS particles to affect the rheological properties in the following way.
Under small strains (in the linear viscoelastic regime), the aqueous MS suspensions of moderately large MS volume fraction φ exhibited prominent relaxation. 1, 2) The zero-shear viscosity η 0 of the suspensions was governed by an effective volume fraction φ eff (>φ) that included the volume of the electrostatic shell. In fact, the φ eff dependence of η 0 of the MS particles was in close agreement with the φ dependence seen for hard-core silica particles, 4) the latter being subjected to (almost) fully screened electrostatic interaction to have a negligibly thin electrostatic shell. This result suggested that the terminal relaxation of the MS suspensions corresponds to the relaxation of the thermodynamic stress, as similar to the situation in the hard-core suspensions: [4] [5] [6] [7] The thermodynamic stress reflects a strain/flow-induced distortion in the spatial distribution of the particles and relaxes through the Brownian motion of the particles. [8] [9] [10] [11] [12] *: To whom correspondence should be addressed.
The above result demonstrates that the electrostatic shell of the MS particles behaves as a part of the hard-core radius in long time scales where η 0 is measured. However, the φ eff dependence of the high-frequency modulus G ∞ of the MS particles was found to be much weaker than the dependence expected for hard-core particles (for which G ∞ diverges when φ approaches the maximum random-packing fraction). 3, 9) In addition, the nonlinear damping under large step strains was weaker for the MS particles than for the hard-core silica particles. 3) Furthermore, the MS suspensions exhibited nonlinear thinning of the viscosity under fast flow, and the thickening characteristic to the hard-core particles was not observed. 3) These facts suggest that the electrostatic shell of the MS particles behaves as a soft and penetrable object in short time scales and/or under fast/large strain. Thus, the effect of the electrostatic shell on the particle distribution and rheological properties appears to be different in the linear and nonlinear regimes.
However, the particle distribution in the MS suspension has not been measured, and an experimental test of this distribution is necessary to confirm the above arguments in particular for the nonlinear behavior.
From this point of view, we focused on the nonlinear shear thinning of the MS suspension and examined the particle distribution through a small-angle neutron scattering (SANS) experiment under flow. This rheo-SANS experiment revealed just a moderate distortion of the particle distribution under fast flow, confirming the structural origin of the lack of the shearthickening (lack of dynamic clustering of the particles). In addition, the thinning of the viscosity was semi-quantitatively related to this moderate distortion and the short-ranged electrostatic interaction between the particles. Details of these results are presented in this paper.
EXPERIMENTAL

Material
An aqueous suspension of poly(methyl methacrylate-costyrene) (MS) particles, supplied from Dainippon Ink and Chemicals, Inc., was utilized. The spherical MS particles were synthesized via emulsion polymerization and fully characterized previously: 1, 2) The bare particle radius was 45 nm and the radius polydispersity factor was less than 0.05. , suggesting that the terminal behavior emerges at sufficiently low ω (<<0.1 s
RESULTS AND DISCUSSION
Rheological behavior
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Rheo-SANS profile
During the measurement of the viscosity at γ
• =0.1, 1, 10, and In the quiescent state (Fig.2a) , the I(q) data for various ϕ coincide with each other within experimental uncertainties.
Namely, the MS particles have an isotropic spatial distribution.
This distribution is characterized with the I(q) peak at q=0.089 nm . The location of the peak and shoulder is fairly close to that expected for the body-centered cubic (bcc) lattices; the first, second, and third order scattering peaks of bcc emerge at q 1 :
However, the broadness of the observed peak and shoulder rules out the existence of long-ranged bcc structure of the MS particles. At the same time, the I(q) data could not be described by a scattering function for completely random suspensions, the Percus-Yevick function 15) convoluted with a form factor of a sphere: This function, successfully describing the I(q) data for a moderately concentrated random suspension of silica particles, 16) gave a shoulder much lower (by a factor ≅ 1/10) than that observed for our MS suspension. circles). Thus, the particle distribution is anisotropically distorted under the shear. At the same time, we should emphasize that the peak shift value is considerably smaller than the q 1 value in the quiescent state. Thus, the particle distribution is just moderately distorted under the shear. This point becomes a key in the thinning mechanism discussed below.
Thinning mechanism
For suspensions of either randomly or regularly distributed particles, the thermodynamic stress σ T is determined by the strain/flow-induced distortion of the particle distribution and the inter-particle potential. [8] [9] [10] [11] [12] For the MS/D 2 O suspension, the Thus, the observed thinning of the viscosity (Fig.1) should be attributable to the decrease of σ T /γ
• .
For a quantitative discussion of this thinning behavior, we can, in principle, utilize the stress expressions derived by Wager and Ackerson 10) and by Brady 9) to calculate σ T from the structural factor S(q) obtained from the I(q) data; S(q) ∝ I(q)/ P(q) with P(q) being the form factor of the particle (sphere) at the wave vector q. In the Wagner-Ackerson expression, 10) S(q)−1 is expanded with respect to spherical harmonics Y , ±m (0≤m≤ ) and σ T is written as an integral of the expansion coefficient B 2,1 with respect to q. In the Brady expression, 9) σ T is given by the dyadic of the center-to-center vector r for two particles averaged over a pair-wise distribution function of the particles g(r). 9) The key quantities in these expressions, B 2, 1 and g(r), can be evaluated from S(q) if S(q) is known in the entire q space, i.e., in all scattering directions and for all values of q. However, our experiments gave the I(q) data only in a limited range of q in the velocity-vorticity plane, and the desired S(q) cannot be obtained from those data. (The situation is the same even if the I(q) data are measured also in the vorticity-velocity gradient plane, the other accessible plane in the rheo-SANS measurement.) In addition, the concentrated MS particles exhibit a local electrostatic interaction (resulting in the local order detected as the shoulder in Fig.2) , and the interaction potential to be included in the above σ T expressions is not explicitly known. Thus, we cannot utilize those expressions to calculate σ T .
Under this situation, we looked for an approximate method of calculating σ T from the available I(q) data. This method and the calculated σ T are described below.
Estimation of thermodynamic stress
We focus on the shift of the location q 1 (γ • ) of the scattering peak to estimate σ T . The peak reflects the liquid-like particle distribution with the local order, and the change of q 1 (γ • ) with γ
• represents the distortion of this distribution. Thus, we attempted to estimate an average strain imposed on this distribution by the shear, Here, the <...> represents the average taken over the azimuthal angle ϕ.
For a crystalline lattice, the shift of the peak directly represents the distortion of the lattice, and the γ ave defined by Eq.1 without averaging gives the strain for the lattice spacing detected by the peak. Since our MS suspension includes no long-ranged lattice but has a local bcc-like order, we utilized Eq.1 to estimate γ ave in analogy to the situation for the crystalline lattice.
For the most reliable evaluation of the q 1 (0)/q 1 (γ • ) ratio included in Eq.1, we attempted to superimpose the I(q) data under the shear (symbols in Fig.3a) onto the data in the quiescent state (dotted curve) by plotting the former data against a shifted wave vector qλ(ϕ). The results are shown in ( Fig.1) .
For a more quantitative examination of η T (= G ∞ γ ave /γ
• ), we attempt to estimate the G ∞ of our MS/D 2 O suspension. The ω-insensitive G' value seen in Fig.1a is naturally chosen as G ∞ ,
To confirm a reliability of this G ∞ value, we utilized the G ∞ data 2) for the MS/H 2 O suspension (φ = 0.448) having the viscosity close to that of our MS/D 2 O suspension (cf. Fig.1b ).
For this MS/H 2 O suspension, Horigome and Yada measured
G ∞ (≅ 300 Pa).
2)
They also reported that this G ∞ value is close to that calculated for a face-centered cubic (fcc) lattice of charged particles, 2) Here, ν is the number density of the particles, H is the inter- 
semi-quantitative sense. Nevertheless, the remarkable agreement between η T and η seems to lend a support for the previous structural assignment 3) that the thinning reflects the nonlinearity of σ T and this nonlinearity in turn results from the particle distribution being distorted only weakly under the shear.
Comment for the lack of thickening
In general, concentrated colloidal particles form dynamic clusters under fast flow to exhibit thickening of the viscosity. [16] [17] [18] However, our MS particles exhibit neither thickening nor dynamic clustering in the range of γ
• examined (cf. Figs. 1b and   2 ). This result may be partly related to the electrostatic interaction (short-ranged repulsion) between the MS particles that disturbs close approach of the particles thereby suppressing the dynamic clustering. At the same time, the general behavior of the colloidal particles suggests that the MS particles also exhibit the thickening at sufficiently large γ
• (not covered in our experiments.)
CONCLUDING REMARKS
We have examined rheo-SANS behavior of an aqueous suspension of MS particles having partially screened surface charges. In the quiescent state, the spatial distribution of these particles was isotropic and essentially liquid-like but also exhibited a weak local order. Under steady shear where the suspension exhibited prominent thinning of its viscosity η, this distribution was distorted moderately thereby giving the thermodynamic stress σ T that increased only weakly with increasing shear rate γ
• . Furthermore, the thermodynamic contribution to the viscosity η T (=σ T /γ
• ) estimated from the SANS profile under shear was close to the η data. These results strongly suggest that the thinning of the MS suspension reflects the nonlinearity of the thermodynamic σ T resulting from the weak distortion of the particle distribution.
